The role of lung epithelial stem cells in maintenance and repair of the adult lung is ill-defined, and their identity remains contentious because of the lack of definitive markers for their prospective isolation and the absence of clonogenic assays able to measure their stem/progenitor cell potential. In this study, we show that replication of epithelial-mesenchymal interactions in a previously undescribed matrigel-based clonogenic assay enables the identification of lung epithelial stem/progenitor cells by their colonyforming potential in vitro. We describe a population of EpCAM hi CD49f pos CD104 pos CD24 low epithelial cfus that generate colonies comprising airway, alveolar, or mixed lung epithelial cell lineages when cocultured with EpCAM neg Sca-1 pos lung mesenchymal cells. We show that soluble fibroblast growth factor-10 and hepatocyte growth factor partially replace the requirement for mesenchymal support of epithelial colony formation, allowing clonal passaging and demonstration of their capacity for self-renewal. These data support a model in which the adult mouse lung contains a minor population of multipotent epithelial stem/progenitor cells with the capacity for self-renewal and whose descendants give rise to airway and alveolar epithelial cell lineages in vitro.
The role of lung epithelial stem cells in maintenance and repair of the adult lung is ill-defined, and their identity remains contentious because of the lack of definitive markers for their prospective isolation and the absence of clonogenic assays able to measure their stem/progenitor cell potential. In this study, we show that replication of epithelial-mesenchymal interactions in a previously undescribed matrigel-based clonogenic assay enables the identification of lung epithelial stem/progenitor cells by their colonyforming potential in vitro. We describe a population of EpCAM hi CD49f pos CD104 pos CD24 low epithelial cfus that generate colonies comprising airway, alveolar, or mixed lung epithelial cell lineages when cocultured with EpCAM neg Sca-1 pos lung mesenchymal cells. We show that soluble fibroblast growth factor-10 and hepatocyte growth factor partially replace the requirement for mesenchymal support of epithelial colony formation, allowing clonal passaging and demonstration of their capacity for self-renewal. These data support a model in which the adult mouse lung contains a minor population of multipotent epithelial stem/progenitor cells with the capacity for self-renewal and whose descendants give rise to airway and alveolar epithelial cell lineages in vitro.
colony-forming assay | lung epithelium | lineage specificity | differentiation | EpCAM D uring lung development in the mouse, progenitors of the anterior foregut endoderm undergo directed differentiation to establish distinct respiratory epithelial cell compartments. The tracheobronchial airways are composed predominantly of ciliated, Clara, and basal cells as well as a lesser number of goblet and neuroendocrine cells. Submucosal glands are restricted to the highest reaches of the cartilaginous tracheal airway. In the distal lung, the bronchiolar epithelium is composed largely of Clara and ciliated cells with intermittent clusters of neuroendocrine cells, whereas type I and type II alveolar epithelial cells (AEC I/II) make up the gas exchange surface of the alveoli. However, in comparison to our understanding of the mechanisms regulating epithelial cell proliferation and differentiation during lung development (1), our knowledge of the organization and regulation of endogenous lung stem and progenitor cells involved in maintenance, remodeling, regeneration, and repair of the postnatal lung is relatively poor.
For the most part, cell lineage tracing studies and the analysis of mouse lung injury models suggest that the adult lung epithelium is maintained by divergent progenitor cells residing in discrete microenvironmental niches along the proximal-distal axis of the respiratory tree (2) , consistent with the existence of a "nonclassical" stem cell hierarchy in which relatively quiescent differentiated progenitor cells function as facultative stem cells (3). However, Rawlins et al. (4) recently provided compelling evidence of the existence of multipotent stem/progenitor cells in the fetal lung distal tip that are able to self-renew and contribute to all lung epithelial cell lineages during development. Others have also posited that the processes of adult lung regeneration and repair are regulated by highly conserved mechanisms that recapitulate ontogeny (5) . These processes are key to understanding normal and pathophysiological lung stem/progenitor cell behavior, which, in turn, leads to the identification of cellular and molecular therapeutical targets that could be exploited for the attenuation or reversal of intractable lung diseases. However, their elucidation has been confounded by a lack of specific markers and functional assays for the prospective isolation and characterization of adult lung epithelial stem and progenitor cells and the measurement of their proliferative and differentiative potential.
In this study, we describe a previously undescribed and robust organotypic epithelial colony-forming assay which has enabled us to identify and characterize a minor population of renewing EpCAM hi CD49f pos CD104 pos CD24 low epithelial cfus in the adult mouse lung which give rise to more committed clonogenic airway and alveolar epithelial progenitor cells in vitro.
Results

Mesenchymal Progenitor Cells Regulate the Growth of Lung Epithelial
Stem/Progenitor Cells in Vitro. To separate lung epithelial cells from mesenchymal cells (6), we sorted nonhematopoietic (CD45 neg ) and nonendothelial (CD31 neg ) cells from disaggregated adult lung cell suspensions on the basis of the differential expression of a panepithelial cell marker (EpCAM; CD326) and the Sca-1 antigen. We show that EpCAM pos epithelial cells (40.6 ± 2.0%, mean ± SEM, n = 7) are easily resolved from EpCAM neg Sca-1 pos mesenchymal cells (Fig. 1A) , which generate mesenchymal cell colonies in matrigel (Fig. 1B) defined by Oil-Red O (lipofibroblasts) and α-smooth muscle actin (SMA; myofibroblasts) expression (Fig. S1A) .
In contrast, EpCAM pos cells did not exhibit clonogenic growth when cultured alone in matrigel but did generate complex epithelial cell colonies (Fig. 1C) (Fig. S1B) , also suggesting that, as in lung morphogenesis during development, adult lung epithelial cell fate specification is orchestrated by smooth muscle progenitors in the lung mesenchyme (7) (8) (9) . This article is a PNAS Direct Submission. Fig. 1D) and that all epithelial colonies were derived exclusively from eGFP pos EpCAM pos cells (Fig. 1E ). This observation further confirms that lung epithelial cfus are enriched in the EpCAM pos epithelial cell fraction but require coculture with EpCAM neg Sca-1 pos mesenchymal cells to reveal their proliferative potential.
Fibroblast Growth Factor-10 and Hepatocyte Growth Factor Regulate Epithelial cfus Colony-Forming Potential. To determine the growth factor requirements of epithelial cfus, organotypic cocultures were supplemented with combinations of cytokines known to be involved in lung development (Fig. 1G) . The incidence of epithelial colonies in organotypic coculture was significantly increased in the presence of epithelial growth factors fibroblast growth factor (FGF)-10 (P < 0.001) or hepatocyte growth factor (HGF) (P < 0.01) and was unaltered by addition of FGF-7. Conversely, the addition of mesenchymal growth factors [bone morphogenic protein (BMP-4), TGF-β1, or platelet-derived growth factor (PDGF)-AA] resulted in a significant reduction or complete inhibition of epithelial colony growth.
Next, we assessed whether FGF-10 and HGF could replace the requirement for mesenchymal support of epithelial cfus (Fig. 1H) . These experiments showed that addition of FGF-10 or HGF to stromal-free matrigel cultures of EpCAM pos cells supports the generation of epithelial colonies. A supraadditive increase in both size and incidence of epithelial cfus was observed when FGF-10 and HGF were used in combination, indicating that these growth factors acted synergistically to support the proliferation of epithelial cfus. Under these conditions, epithelial cfus proliferated robustly to generate simple spheroid colonies after 1 week in culture (Fig. 1I) . Interestingly, parallel studies by Rock et al. (10) have demonstrated that mouse basal cells isolated from tracheal epithelium can self-renew and form "tracheospheres" in matrigel culture in the absence of stroma when supplemented with cholera toxin, EGF, and bovine pituitary extract.
Lung Epithelial cfus Comprise a Minor Fraction of Lung Epithelial
Cells. Epithelial cfus comprise less than 0.05% of EpCAM pos lung epithelial cells (determined by linear regression analysis of the incidence of epithelial colonies relative to the number of EpCAM pos cells seeded; Fig. S1C ). To enrich further for epithelial cfus, we fractionated the EpCAM pos epithelial cells based on the relative expression of EpCAM and CD49f (α-6 integrin; Fig. 2A and Fig. S2A ) and showed that epithelial cfus were predominantly restricted to the EpCAM hi CD49f pos cell fraction (Fig. S2B ), which give rise to large lobular cystic colonies and small dense saccular colonies. Small saccular colonies were also observed in cultures of the EpCAM med CD49f low cell fraction (Fig. S2C) , whereas very few colonies grew from the EpCAM low CD49f neg/low cell fraction ( Fig. S2D ). Here, we show that the EpCAM hi and EpCAM med cell fractions are also Sca-1 low (Fig. 2B ). This is noteworthy in that it shows that previous fluorescence-activated cell sorting gating strategies used to sort Sca-1 pos lung cell fractions based on the differential expression of CD45/CD31 vs. Sca-1 antigens (6) would result in potential overlap of Sca-1 pos cells at the boundary of the EpCAM pos Sca-1 low gate (Fig. S2E ). This would explain why we and others have previously detected rare epithelial colonies within the CD45 neg CD31 neg Sca-1 pos cell fraction (6, 11, 12) , thus helping to resolve the ongoing debate regarding the ambiguous status of Sca-1 as a selectable marker for lung stem cell populations.
Additional phenotypic analysis of the respective cell fractions demonstrated that proSP-C pos cells were found only within the EpCAM med cell fraction ( pos bronchiolar epithelium. However, the EpCAM med proSP-C pos cell fraction also generated small saccular colonies (Fig. S2C) , suggesting that proSP-C pos cells in the alveoli and/or BADJ may have limited colony-forming potential.
Further enrichment of epithelial cfus in the EpCAM hi cell fraction was achieved by subsetting on the basis of high or low expression of CD24 (heat-stable antigen; Fig. 2E ). Organotypic culture of the CD24 hi and CD24 low cell subsets showed that epithelial cfus were resolved in the CD24 low cell fraction. Linear regression analysis (Fig. 2F) shows that the incidence of colony formation is directly proportional to the number of CD24 low cells plated and that the cloning efficiency of this population is ≈4.5%. In the adult mouse lung, heterogeneity in CD24 staining could not be observed at the level of immunofluorescent staining on tissue sections, thus precluding localization of the CD104 pos CD24 low cells. S2F ). This was confirmed by real-time RT-PCR, which showed a 1.9-fold increase in scgb1a1 expression in CD24 low cells relative (Fig. 3A) . All epithelial colonies (n = 259) were exclusively monochromatic (RFP pos or eGFP pos ), whereas surrounding mesenchymal cells were nonfluorescent (Fig. 3 B-D) , confirming that epithelial colonies are clonally derived from the proliferation of single EpCAM hi CD24 low cfus rather than by aggregation, which would give rise to colonies comprising both RFP pos and eGFP pos cells.
Lung Epithelial cfus Possess the Capacity for in Vitro Self-Renewal. To determine whether lung epithelial cfus exhibit the capacity for self-renewal, primary EpCAM hi CD24 low cell-derived colonies grown in stromal-free cultures supplemented with FGF-10 and HGF were dispersed by enzymatic digestion and serially recloned to measure their secondary and subsequent epithelial colony-forming potential. Initially, bulk passaging of whole cultures (Fig. 3E) demonstrated that a subset of EpCAM hi CD104
pos epithelial cfus retain their colony-forming potential after serial passaging (Fig. 3F) . Importantly, when epithelial colonies are dissociated and replated, there is a progressive increase in cfu number (Fig. 3G) , suggesting that self-renewal rather than cell survival is occurring. The reanalysis of these serially propagated cells after three passages also demonstrated that the majority of propagated cells maintained their EpCAM hi CD104
pos phenotype, although the remainder exhibited a reduction in EpCAM and CD104 expression (Fig. 3H) , correlated with preservation and loss of colony-forming potential, respectively (Fig. 3I) . Significantly, if transformation had occurred within the colonies or during serial passaging, it would be expected that colony-forming potential would be uncoupled from the level of EpCAM expression. More importantly, serial passaging of single colonies (Fig. 3J ) demonstrated the robust self-renewal of single cfus over three generations (Fig. 3K) .
Lung Epithelial cfus Comprise Lineage-Committed and Multilineage
Subtypes. Morphological characterization of epithelial colonies grown in organotypic cultures demonstrates the generation of three distinct subtypes of epithelial colonies from the EpCAM hi CD24 low cell fraction, including large airway-like lobular cystic colonies with a clearly defined lumen (46% of colonies, n = 150 of 326; Fig. 4A ), small dense saccular colonies (35% of colonies, n = 114 of 326; Fig. 4B ), and colonies of mixed phenotype with distinct budding (19% of colonies, n = 62 of 326; Fig. 4C ). Immunofluorescent labeling of epithelial colonies in fixed wholemount organotypic cultures confirmed the presence of three distinct colony subtypes. In cystic colonies, cells expressed the polymeric mucin MUC5AC, which was secreted into the lumen but did not express the AEC II marker, proSP-C (Figs. 4 D, G , J, and M). Fluid could be seen circulating within the lumen of cystic colonies along with beating cilia in cell patches on the inner surface of the lumen. Given that MUC5AC is produced specifically by airway mucous-secreting epithelial cells, these data suggest that cystic colonies comprise cells of the airway lineage. In contrast, the majority of cells in the smaller saccular colonies expressed proSP-C but did not stain for MUC5AC (Fig. 4 E, H , K, and N), suggesting that these colonies comprised alveolar AEC II epithelial cells and their progeny. Mixed colonies showed immunoreactivity for MUC5AC and proSP-C (Fig. 4 F, I , L, and O), suggesting that both airway and alveolar epithelial lung cell lineages can be derived from a multipotent lung epithelial cfu. Interestingly, proSP-C staining in mixed colonies was only observed on cells at the peripheral tips of the colonies.
Real-time RT-PCR gene expression analysis of individual colonies (Fig. 5) mixed cfus. The alveolar markers, ABCA3 (Abca3), CEBP/alpha (Cebpa) and SP-C (Sftpc), as well as SP-A (Sftpa1) were highly expressed in saccular and mixed colonies, but were not detected (SP-C and SP-A) or expressed at lower levels (ABCA3 and CEBP/alpha) in cystic colonies. The Clara cell marker, CCSP (Scgb1a1) was enriched in cystic and mixed colonies, but also detected in saccular colonies, and SP-B (Sftpb), MUC-1 (Muc1), ENaC (Scnn1g) and Sox-2 (Sox2) were expressed by all epithelial colony subtypes. CGRP (Calca) was not detected in any of the epithelial colonies examined suggesting that neuroendocrine cells are part of a separate lineage. Taken together, the differential expression of airway versus alveolar lineage markers supports the concept that different epithelial colony subtypes are derived from either lineage-committed epithelial cfus or multipotent lung epithelial cfus.
Evidence of an Adult Lung Epithelial Stem/Progenitor Cell Hierarchy.
In support of the hypothesis that an epithelial stem/progenitor cell hierarchy exists in the adult mouse lung, we have shown that dissociation and reseeding of primary mixed colonies in coculture with EpCAM neg Sca-1 pos stromal cells resulted in the generation of secondary mixed, airway and alveolar colonies (Fig. 6A ). In contrast, cystic airway and saccular alveolar colonies failed to generate secondary colonies, suggesting that these progenitor cells have only limited proliferative potential. However, it is not possible at this stage to categorically exclude the possibility that mixed colonies may be derived from a multipotent regenerative cfu, consisting of juxtaposed cells rather than a single multipotent stem cell. Ultimately, single cell deposition would be required to resolve this issue. The complex growth requirements of these cells and their low incidence have made this goal elusive to date.
Taken together, these findings suggest that the adult mouse lung contains a population of multipotent epithelial stem/progenitor cells with the capacity for self-renewal, whose fate and specificity is regulated by cell-cell and/or paracrine interactions with the surrounding mesenchyme. We propose a model in which descendants of mixed cfus give rise to lineage-committed progenitors with limited proliferative potential (Fig. 6B ) which in turn give rise to airway or alveolar epithelial lineages in the adult lung. Although we have not directly investigated the differentiation of AEC I in this system, it is generally believed that these cells are descendants of AEC II cells, as indicated in the hierarchy schematic (Fig. 6B ).
Discussion
In this study, we have identified epithelial stem/progenitor cell subsets in the adult mouse lung that give rise to clonally derived airway alveolar or mixed lung epithelial colonies in vitro, providing evidence that the adult lung epithelium may be organized in a hierarchical manner such that lung epithelial stem cells give rise to differentiated lung epithelium via a series of lineagecommitted progenitors. We have shown that both mixed and lineage-committed cfus can be harvested from the adult mouse lung, with the latter being more abundant, suggesting that lineagecommitted cfus may be the primary reserve for maintenance of distinct lineages in vivo.
To date, there is no convincing evidence to suggest that a multipotent stem cell in the bronchiolar airways is capable of migrating to alveoli to replenish alveolar epithelium in vivo. Indeed, there is a strong belief that alveolar and bronchiolar epithelial cells are maintained by distinct lineages, questioning the biological relevance of multipotent lung epithelial stem cells. However, the existence of a quiescent multipotent lung epithelial stem cell pool should not be discounted. Rawlins et al. (4) recently provided compelling evidence using a lineage-tracing strategy, based on the restricted expression of Id2 (inhibitor of differentiation 2), that multipotent progenitors in the fetal lung distal tip are able to self-renew and contribute to both bronchiolar and alveolar lineages during development of the lung (4). Importantly, it should also be noted that although we demonstrate that multipotent lung epithelial cfus can generate mixedlineage colonies in vitro, this does not necessarily mean that they exhibit this potential in vivo. The capacity for multilineage differentiation of EpCAM hi CD104 pos CD24 low cells in the adult lung may be indicative of an enduring developmental potential characterizing cells with the capacity to replenish regional facultative stem cell pools whose fate specification is regulated by the niche in which they reside.
We propose that EpCAM neg Sca-1 pos mesenchymal elements of lung epithelial stem/progenitor cell niches provide instructional cues for proliferation and differentiation of EpCAM (15), and several studies have shown that it is important for maintaining epithelial proliferation during development (16, 17) . HGF is thought to be involved in signaling between the mesenchyme and developing epithelium, acting in synergy with FGF-10 (18). In addition, HGF has been shown to stimulate epithelial cell proliferation during postpneumonectomy compensatory lung growth (19) and also to ameliorate the effects of elastaseinduced emphysemas in mice (20) . Conversely, the effect of FGF-10 in inducing epithelial growth has been shown to be antagonized by BMP-4 (21), which would explain the reduction of epithelial colony generation in cultures supplemented with exogenous BMP-4. In the same way, TGF-β1 and PDGF-AA are known to regulate branching morphogenesis via modulation of mesenchymal cells, promoting smooth muscle cell differentiation and subsequently inhibiting the action of FGF-10 on the underlying epithelium, preventing further proliferation and promoting proximal differentiation (9, 22) . These data suggest that there may be a common regulatory mechanism for embryonic lung epithelium and adult epithelial stem cells.
In conclusion, our data support a model in which the adult mouse lung contains a population of multipotent epithelial stem/ progenitor cells with the capacity for self-renewal and whose descendants give rise to airway and alveolar epithelial lineages. Thus far, we have not detected proliferating or differentiating neuroendocrine cells in our culture system. Consequently, the relation of the neuroendocrine cell lineage to the cfus we describe remains unresolved. It is possible that the dissociation technique employed in this study is not optimal for harvesting all cells with stem/progenitor cell activity. Likewise, defining the proliferative and differentiative potential of other putative stem/progenitor cell cohorts in the lung will depend on defining the optimal requirements and culture conditions to support their growth. Importantly, this in vitro clonogenic assay provides a powerful tool for identification of stem/progenitor cell populations in the lung and the factors that regulate their fate and specificity.
Materials and Methods
Mice. All mice were maintained on the C57BL/6 background. Mice expressing nuclear-localized enhanced GFP derived by ES cell insertion of the pCagg promoter (chicken β-actin) driving an enhanced GFP gene were obtained from Klaus Mathaei (Australian National University, Canberra, Australian Capital Territory, Australia). C57BL/6 RFP mice derived from ES cells expressing a pbActin-CMV-DsRed T3 transgene were obtained from Patrick Tam (Children's Medical Research Institute, Sydney, New South Wales, Australia).
Lung Cell Preparations and Flow Cytometry. A detailed methodology for the preparation of lung cells is provided in SI Materials and Methods. Briefly, mouse lung cell suspensions were prepared by collagenase digestion of mouse lungs following removal of upper airways as previously described (6, 9) . Low-density cells were then isolated by density gradient centrifugation (Nycoprep 1.077A; Nycomed Pharma) and then resuspended and incubated in 
